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ABSTRACT Structural and functional studies of lateral heterogeneity in biologicalmembranes haveunderlined the importanceof
membrane organization in biological function.Most inquiries have focused on steric determinants ofmembrane organization, such
as headgroup size and acyl-chain saturation. This manuscript reports a combination of theory and experiment that shows
signiﬁcant electrostatic contributions to surfacepressures inmonolayers of phospholipidswhere the chargespacing is smaller than
the Bjerrum length. For molecules with steric cross sections typical of phospholipids in the cell membrane (;50 A˚2), only
polyphosphoinositides achieve this threshold. The most abundant such lipid is phosphatidylinositol bisphosphate, which has
between three and four charged groups at physiological conditions. Theory and experiment show that surface pressure increases
linearly with phosphatidylinositol bisphosphate net charge and reveal crossing of high and low ionic strength pressure-area
isotherms, due to opposing effects of ionic strength in compressed and expanded monolayers. Theory and experiment show that
electrostatic effects are negligible for monolayers of univalent lipids, emphasizing the unique importance of electrostatic effects for
lateral organization of polyphosphoinositides. Quantitative differences between theory and experiment suggest that attractive
interactions between polyphosphoinositides, possibly mediated by hydrogen bonding, can lessen the effect of electrostatic
repulsions.
INTRODUCTION
Polyphosphoinositide lipids are uniquely important for cel-
lular signaling in part because of their multivalent anionic
charge. The vast majority of eukaryotic membrane lipids are
either zwitterionic or have a charge of 1 at neutral pH. A
small minority of lipids such as phosphatidic acid or poly-
phosphoinositides that reside on the cytoplasmically facing
leaﬂet of cell membranes bear a net charge of 2 to perhaps
as much as 5 depending on factors such as the presence of
monovalent and multivalent cations, binding of peripheral
membrane proteins, membrane potential, and the local con-
centration of anionic lipids. The high valence of poly-
phosphoinositides is essential to their ability to form domains
in ﬂuid membranes that are stabilized by electrostatic inter-
actions with cationic protein domains (1,2). Electrostatic at-
traction of cytoplasmic solutes to the inner membrane leaﬂet
is modeled by calculations of the electric ﬁeld extending
orthogonal to the membrane surface, but the structure of the
cell membrane also depends on lateral pressures within the
lipid bilayer (3,4). For zwitterionic and monoanionic lipids,
surface pressures at physiologically relevant densities are
dominated by the length and unsaturation of acyl chains and
the size of the headgroup (5), but for more highly charged
lipids, a signiﬁcant surface pressure can arise from electro-
static repulsions between phospholipids (6). Additionally,
electrostatic effects become important when considering the
interactions of charged lipids with soluble ionic components,
such as salts and polyionic macromolecules. While screening
of surface charge by soluble counterions is the typically con-
sidered mode of interaction, lipid headgroup deprotonation by
soluble ions (7) has been shown to be an important determi-
nant of lipid packing (8), phase transitions (9), domain mor-
phology (6), and enzymatic lability (10). Here, we report a
theoretical analysis of surface pressures for highly charged
lipid systems and compare calculated results to the ﬁrst ex-
perimental observations of pure polyphosphoinositide mono-
layers.
Pressure/area isotherms of highly charged
phospholipid monolayers
Phospholipids in a cell membrane pack to a density corre-
sponding to an area per molecule of 40–70 A˚2, equivalent to a
lipid monolayer with surface pressure of;30 mN/m (11). At
this density the spacing between charges for univalent phos-
pholipids is slightly greater than the Bjerrum length (lB), the
distance at which electrostatic energies are equal to the ther-
mal energy kBT (;7.1 A˚). As a result, the lipids can be ap-
proximated as independent point charges that create a
signiﬁcant ﬁeld orthogonal to the membrane surface, but only
modest repulsive interactions within the plane of the mem-
brane. However, when the valence is .2, as it is for phos-
phatidylinositol bisphosphate (PIP2), the most common PPI
and one with great biological importance, the charge spacing
becomes ,lB leading to signiﬁcant electrostatic interactions
within the plane of the membrane and effects not seen in less
highly charged membranes. The magnitude of the electro-
static contribution is shown in Fig. 1, which compares area-
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pressure isotherms of the anionic lipids phosphatidylserine
(PS), phosphatidylinositol (PI), and its mono- and diphos-
phorylated derivatives PIP and PIP2. All of these lipids are
natural products containing mainly stearoyl and arachidonoyl
moieties at their SN1 and SN2 positions, respectively. The
unsaturated acyl chains prevent any observable phase tran-
sitions from a liquid-condensed phase to a gel phase, hence
the differences between the isotherms are the direct effect of
the increased charge onPIP andPIP2,which at neutral pHbear
slightly more than two and three charges, respectively. The
increased surface pressure of PIP2 monolayers is not screened
out by increasing subphase monovalent salt. Fig. 1 shows that
whereas increasing ionic strength from 10mM to 250mMhas
no signiﬁcant effect onmonolayers of PS or PI, it increases the
pressure of PIP2 monolayers over a broad range of molecular
areas.
Theoretical model of electrostatic contribution to
surface pressure
A continuum model can be applied to calculate the electro-
static component of surface pressure when the distance be-
tween charged lipids is .ZlB, where Z is the number of
charges per lipid headgroup. In the case of a PIP2 monolayer,
whereZ is;3–4,ZlB corresponds to a surface area of;160 A˚
2
per molecule. Fig. 1 D shows that at molecular areas higher
than ZlB, where electrostatics are not expected to contribute
signiﬁcantly to lateral pressure, the surface pressure of PIP2
does not depend strongly on ionic strength. This estimate is
also in agreement with the experimental observation (Fig.
1 C) that for PI, which has only one charged group (ZlB
2 ;
50 A˚2), the surface pressure does not show any signiﬁcant
dependence on ionic strength down to 50 A˚2 per molecule.
PIP which has two negatively charged groups does show a
small inﬂuence of ionic strength ,;80–100 A˚2.
If the distance between charged groups is less than deﬁned
by the Bjerrum length, then collective effects described by a
Gouy-Chapman approach become important to consider. In
this case, we describe themonolayer as a charged surface with
surface charge density s. The Poisson-Boltzmann equation
for electric potential u distribution near this charged surface
reads
d
2u
dx
2 ¼ 
4pr
e
¼ 8pen0
ekBT
sinh
eu
kBT
; (1)
where e is the elementary charge, n0 is the number density of
univalent electrolytes, and e is the dielectric permittivity of
water. Solution of the Poisson-Boltzmann equation using the
boundary condition at a charged interface
e du
dx
¼ 4ps (2)
is well known (12). The surface pressure is calculated by
evaluation of the variation of the thermodynamic potentialV
due to introducing a charged surface in an electrolyte solution
with ﬁxed chemical potentials of ions, which can be found
from the charging theorem (13,14):
dV ¼
Z
udsdS: (3)
After taking into account Eqs. 1 and 2 and integrating, the
change of the thermodynamic potential due to a charged
surface can be expressed as
FIGURE 1 Surface pressure (pS)-molecular area (S)
isotherms of naturally derived anionic phospholipids
(PS, PI, PIP, and PIP2) on a buffered subphase with 10
mM (A) and 250 mM (B) subphase NaCl. Isotherms
comparing the effect of low (open circles) and high
(solid circles) subphase ionic strength on monovalent
(PI) (C) and multivalent (PIP2) (D) acidic phospho-
lipids. All isotherms shown are representative of the
average of 5–8 isotherms per condition; choice of buffer
did not signiﬁcantly affect the measured isotherms (data
not shown).
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(4)
This relation is identical to that used in Chen and Nelson (15)
for consideration of charge-reversal instability in mixed
bilayer vesicles.
The electrostatic part of the surface pressure can be cal-
culated by differentiating Eq. 4 with respect to the surface
area of a monolayer S at ﬁxed charge (variation of the surface
charge with surface area is important experimentally and is
accounted for by dissociation-association equilibria, as dis-
cussed later). Direct calculation of the derivative @V/@S from
Eq. 4 and the solution of the Poisson-Boltzmann Eq. 1 require
several steps. An efﬁcient way to carry it out is to use the
identityZ
u
d
2
dx
2
@u
@S
dV ¼ 8pen0
ekBT
Z
eu
kBT
@u
@S
cosh
eu
kBT
dV; (5)
which follows from the Poisson-Boltzmann equation, differ-
entiating it by S, multiplying by f, and integrating over the
volume occupied by electrolyte. As a result, we arrive at
@DV
@S
¼ DV
S
 S e
4p
uð0Þ d
dx
@u
@S
 
ð0Þ; (6)
where the ﬁrst term in Eq. 6 comes from the fact that the
thermodynamic potential Eq. 4 is proportional to the area of
the monolayer. Since @s/@S ¼ s/S, from the boundary
condition Eq. 2, we have
e d
dx
@u
@S
 
ð0Þ ¼ 4ps
S
;
and for the surface pressure pS ¼ – @DV/@S, we obtain
pS ¼ DV
S
1uð0Þs:
Since
DV
S
¼ kBTn0
Z
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kBT
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kBT
 1
  
dx
1
1
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and
d
dx
eu
kBT
¼  2
lD
sinh
eu
2kBT
;
it follows from the solution of the Poisson-Boltzmann equa-
tion, where lD ¼ (8plBn0)1/2 is the Debye screening length,
that after integration we obtain
pS ¼ 8lDkBTn0 cosh euð0Þ
2kBT
 1
 
: (7)
Equation 7 can be rewritten in a more convenient form as
pS ¼ 2kBTs
e
cosh
euð0Þ
2kBT
 1
 
sinh
euð0Þ
2kBT
: (8)
In the limit of large absolute values of the surface potential
u(0), Eq. 8 reduces to a very simple form of
pS ¼ 2kBTjsj
e
: (9)
Equation 9 shows that for a highly charged monolayer the
electrostatic contribution to the surface pressure is equal to
twice the kinetic pressure of a two-dimensional gas, although
its physical meaning, of course, is different. The surface potential
of a monolayer according to Eq. 2 is found from the expression
uð0Þ ¼ 2kBT
e
sinh
1
lD2plB
s
e
 
: (10)
According to Eq. 8, the electrostatic contribution to surface
pressure decreases with diminution of the absolute value of
the surface potential. According to Eq. 10, this should take
place if the ionic strength of the solution increases and the
charge of the monolayer is constant.
However, in reality, the charge of the monolayer depends
on the dissociation-association equilibrium of the ionic
groups of the lipid. In the negatively charged monolayer
considered here, a decrease of the surface potential increases
the electrochemical potential of the charged lipid headgroups
by eu(0), and the dissociation-association equilibrium is
shifted. In the condition of equilibrium
½A½H1 
½AH ¼ Ke;
the charging of the monolayer can be accounted for by
introducing an effective equilibrium constant pKe, whose
value depends on surface potential according to the relation
pKe ¼ pK  ððeuð0Þ=kBTÞlog10eÞ: The degree of deproto-
nation dP of the lipid headgroup is then
dP ¼ 1
11 10pKepH
: (11)
If the absolute value of the surface potential goes down, the
effective pKe goes down as well and the headgroup becomes
more deprotonated. This effect of adding more charged
groups to the surface can increase the surface pressure (6).
If the lipid has several ionic groups which can be deproto-
nated, then the degree of deprotonation of each of them
should be calculated according to Eq. 11.
As a result, we have the following set of equations for the
calculation of the electrostatic surface pressure for n lipid
headgroups as a function of the ionic strength of the solution
s ¼ e
S
+
n
i¼1
1
11 10pKipHeeuð0Þ=kBT
; (12)
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uð0Þ ¼ 2kBT
e
sinh
1ðlD2plBs=eÞ; (13)
pS ¼ 2kBTs
e
cosh
euð0Þ
2kBT
 1
 
sinh
euð0Þ
2kBT
; (14)
where S is the surface area per lipid molecule.
The set of Eqs. 12–14 allows one to draw several important
conclusions. The dependence of the electrostatic surface
pressure on the surface area per molecule of a lipid like PIP2
with ﬁve ionizable groups and bare pK values of 2, 3, 4, 7,
and 7.7 (ﬁrst ionization pK values from (16); second ioni-
zation pK values estimated from pK values of phosphatidic
acid (17)) is shown in Fig. 2 A for several pH values at low
(c¼ 10mM) and high (c¼ 250 mM) salt concentrations. The
theoretical curves have several interesting features, which
qualitatively correspond to the experimental data for PIP2 in
Fig. 1D. In agreement with the experimental data, the surface
pressure of compressed monolayers is higher at higher ionic
strength, which initially appears counterintuitive due to the
increase of screening with ionic strength. The increased sur-
face pressure is due to the increased charge density of the
monolayer at higher ionic strength, since high ionic strength
diminishes the pKe value, consistent with previous observa-
tions and modeling of less charged amphiphile monolayers
(6–8,10). This expansion due to charging of the monolayer with
increased subphase ionic strength becomes prevalent when
the surface area per lipid molecule reaches a minimal thresh-
old, as seen from the crossing of theoretical isotherms for low
and high salt concentrations (Fig. 2 A), in agreement with
experimental data (Fig. 1 D). The importance of lipid head-
group deprotonation in the behavior of isotherms is illustrated
in Fig. 2 B, where theoretical isotherms for low and high salt
concentrations are shown both with and without accounting
for the shift of effective pK values as a function of the potential
of the monolayer. From these plots, it is clear that if the charge
per lipid molecule is ﬁxed, the pressure of the monolayer
decreases with increasing ionic strength due to screening. The
dependence of the effective pK value on the area per lipid
molecule, calculated according to Eqs. 12 and 13 for pH¼ 7.5
at low (c¼ 10 mM) and high (c¼ 250 mM) ionic strengths, is
shown in Fig. 2 C. Due to the decrease in pKe values at higher
ionic strength, the charge per lipid molecule increases, which
leads to increased surface pressure, as remarked above.
Equations 12–14 also predict another important property
of the system considered here. Calculated at a ﬁxed electro-
static pressure, the dependence of the area per lipid molecule
(S) on the charge of that lipid is linear with a slope of 2 kBT/ps
as found from Eq. 9.
METHODS
Natural lipids (bovine liver L-a-phosphatidylinositol, porcine brain L-a-
phosphatidylinositol-4-phosphate, porcine brain L-a-phosphatidylserine,
and porcine brain L-a-phosphatidylinositol-4,5-bisphosphate) were pur-
chased as 1 mg/ml solutions from Avanti (Alabaster, AL) and stored at
20C. Concentrations were veriﬁed initially by inorganic phosphate anal-
ysis, and subsequently by normalizing to measured lipid area per molecule.
For comparisons between different lipids at pH 7.5, monolayer subphases
were prepared with 10 mMHEPES, 0.1 mMEDTA, pH 7.4 dissolved in 18.2
MV ddH2O. For varying pH experiments the buffer was 3.3 mM sodium
phosphate, 3.3 mM sodium citrate, and 3.3 mM glycine instead of 10 mM
FIGURE 2 (A) Calculated isotherms of electrostatic surface pressure at
low (c ¼ 10 mM; dashed line) and high (c ¼ 250 mM ; solid line) subphase
ionic strength at pH ¼ 5,7.5,12. (B) Isotherms of electrostatic pressure with
and without accounting for the dependence of effective pK values on the
potential of the monolayer. Values: c ¼ 10 mM (dashed line) and c ¼ 250
mM (solid line) accounting for pK shift, c¼ 10 mM (large dots) and c¼ 250
mM (small dots) without accounting for pK shift. (C) Variation in pK values
(pKe  pK) as a function of surface area per lipid molecule (S) at pH ¼ 7.5
and c ¼ 10 mM (dashed line) or c ¼ 250 mM (solid line).
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HEPES. A quantity of 25–30 mL of subphase solution was ﬁltered through a
0.2-mm syringe ﬁlter (Sigma, St. Louis, MO) and introduced to a Micro-
TroughX Langmuir trough (Kibron, Helsinki, Finland). Approximately
seven nmol of lipid was withdrawn through a septum from a container stored
at 20C to prevent solvent evaporation and deposited slowly on the sub-
phase interface. After a 10-min stabilization of the monolayer, the lipids were
compressed at 10 A˚ per molecule per minute by moving the barriers of the
trough using a microstepping motor. The monolayer surface pressure was
monitored with a surface probe using the Wilhelmy method (18) and the
FilmWare software package (Kibron). Both the low amount of lipids and the
slow deposition rate were critical parameters for reproducibility of monolayer
isotherms. Temperature was maintained at 30C by a circulating water bath.
DISCUSSION
The theory derived above makes several predictions that are
veriﬁed by experimental data. The linear dependence of the
area per lipid molecule on its charge was tested by varying
the pH of the aqueous subphase and measuring pressure-area
relationships (speciﬁcally, area/molecule at ps ¼ 30 mN/m).
Fig. 3 A shows the change in area/molecule of PIP2 mono-
layers as a function of pH at high and low ionic strength, and
reveals expansion of the monolayer both by increasing ionic
strength and increasing pH, both of which lead to increased
deprotonation of PIP2. Equations 12–14 allow calculation of
the net charge on PIP2 at each value of pH and pS, and the
molecular area as a function of net charge is shown in Fig.
3 B. The data at high ionic strength are well ﬁt by a linear
relationship over the entire range of charge .1. The pro-
portionality constant derived from the ﬁt is less than, but
within a factor of two from, the simple prediction of 2 kBT/pS
expected from Eq. 9.
A more detailed comparison of theory and data is shown in
Fig. 4, which compares the area-pressure isotherms of PIP2 at
three different pH values where signiﬁcant differences in
charge density are expected. At pH 12, where the charge
separation is well below the Bjerrum length and near the
minimum value for PIP2, changing the ionic strength from 10
mM to 250 mM has a small effect over the measurable range
of area/molecule (Fig. 4 C). The theoretical curves are similar
in shape and magnitude to the experimental data as both
theory and experiment show a crossing of the curves at a
critical area/molecule where the screening effect of salt on
electrostatic repulsions begins to dominate the pKe lowering
effect important at lower molecular areas. At pH 7.5, theory
predicts that the crossover occurs in a more expanded
monolayer (near 160 A˚2, Fig. 4 B), in excellent agreement
with the experimental result (Fig. 4 A). The measured dif-
ferences in pressure of very expanded monolayers are small,
but statistically signiﬁcant (inset, Fig. 4 A). At pH 1.8, where
the charge on PIP2 is near 1, theory predicts a very small
effect of electrostatic repulsion on the surface pressure, and
the experimentally measured pressure is indistinguishable
from zero at areas at .150 A˚2/molecule.
The theoretical curves with no adjustable parameters
shown here qualitatively agree with the experimental data,
suggesting that, unlike PS or PI, polyphosphoinositide
membrane surface pressures are strongly affected by elec-
trostatic effects under physiological conditions. However,
quantitative differences between theory and experiment
suggest the limits of this purely electrostatic model. The
theory is not expected to be valid at small molecular areas
where steric interactions become signiﬁcant; correspond-
ingly, at ,60 A˚2 the experimentally measured pressures are
systematically larger than theoretical prediction. In contrast,
at higher molecular areas (.120 A˚2) and pH values, this
electrostatic theory predicts signiﬁcantly larger pressures than
are measured (Fig. 4, A–D) and a steeper dependence of
molecular area on charge than is observed (Fig. 3 B). The
lower pressures measured experimentally compared to the
predicted purely electrostatic contribution to lateral pressure
suggest that attractive interactions counter the electrostatic
repulsions measured and modeled in this study. A likely
mechanism of attractive interactions is hydrogen-bonding
between lipid headgroups, as suggested in charged phos-
phatidic acid (19) and zwitterionic phosphatidyl ethanolamine
FIGURE 3 (A) Isobaric (pS ¼ 30 mN/m) area/molecule (S) as a function
of measured pH of pure, naturally derived PIP2 on a buffered subphase with
added 10 mM (open circles) or 250 mM (solid circles) NaCl. Points shown
are the average 6 standard deviation for three trials. (B) Measured area/
molecule of PIP2 as a function of charge/molecule calculated from Eq. 11.
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membranes (20), and recently conﬁrmed in bilayers con-
taining phosphoinositides (21,22).
CONCLUSIONS
Unlike univalent charged phospholipids for which charge
separation is greater than the Bjerrum length and electrostatic
contributions to monolayer surface pressures are negligible
compared to steric and dipolar effects, multivalent poly-
phosphoinositides form monolayers in which electrostatic
contributions are signiﬁcant. A theoreticalmodel is developed
to calculate the magnitude of electrostatic contributions to
surface pressures for any lipid with known valence and pKa
values. Electrostatic contributions lead to signiﬁcant surface
pressures at molecular areas of greater than four times the
steric size of the lipid, and electrostatic screening by increased
salt concentration leads to two opposing effects, increased
deprotonation and increased surface pressures for compressed
monolayers, and decreased repulsions and subsequent lower
pressures for highly expanded monolayers. These effects are
signiﬁcant at physiological conditions and perhaps play a role
in the unique functionality of polyphosphoinositides in the
structure and activity of cell membranes that cannot be re-
produced by more abundant, but univalent, anionic lipids
such as phosphatidylserine. The value of the theoretical
analysis presented here is both its ability to predictmany of the
observed phenomena, conﬁrming the importance of electro-
statics in determining membrane organization, as well as in
the prediction of an attractive interaction that would conﬁrm
existing experimental results.
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